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Eets of disorder are examined in itinerant systems lose to quantum ritial points. We argue
that spin utuations assoiated with the long-range part of the RKKY interations generially
indue non-Ohmi dissipation due to rare disorder ongurations. This dissipative mehanism is
found to destabilize quantum Griths phase behavior in itinerant systems with arbitrary symme-
try of the order parameter, leading to the formation of a "luster glass" phase preeding uniform
ordering.
PACS numbers: 75.40.-s, 71.10.Hf, 71.27.+a, 75.10.Nr
The eets of quenhed disorder seem to be espeially
important near quantum phase transitions and lead to
new lasses of phenomena dominated by rare disorder
ongurations. At present, this behavior is rather well
understood in insulating disordered magnets, leading to
features suh as the innite randomness xed point and
the assoiated quantum Griths phase anomalies [1, 2,
3, 4, 5, 6, 7, 8, 9℄. Quantum ritial regions, though,
are muh easier to aess in itinerant systems suh as
heavy fermion materials, where quantum utuations an
be tuned by adjusting the Fermi energy of the harge
arriers.
In many of these systems, behavior reminisent of
quantum Griths phases seems to arise, triggering muh
theoretial ontroversy and debate. One early interpre-
tation onentrated on the interplay of disorder and the
Kondo eet far from any magneti ordering, leading to
the eletroni Griths phase [10℄. Another senario
assumed that the phenomenon relates to rare regions
lose to magneti ordering [11℄, similar to those in in-
sulating magnets. More reent work [12℄, however, shed
some doubt on the validity of the latter piture for itin-
erant systems. It emphasized the ruial role of Landau
damping, whih was argued to suppress the low tem-
perature Griths phase behavior for magnets with Ising
symmetry. In a remarkable paper [13℄, Thomas Vojta
disussed this mehanism on general symmetry grounds,
and demonstrated that in the Ising ase dissipation leads
to a fundamental modiation of the quantum ritial
point (QCP). Subsequent work [14℄ suggested that the
same mehanism does not apply for other symmetry
lasses suh as Heisenberg magnets, where the standard
QCP senario is argued to hold, preeded by a onven-
tional Griths phase.
All these works onentrated on the dynamis of a sin-
gle droplet (rare region) in an Ohmi dissipative environ-
ment. In this letter we argue that this physial piture
is inomplete. In itinerant systems, magneti moments
- lassial or quantum - are known [12, 16℄ to interat
through long-ranged RKKY interations. As a result,
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Figure 1: Phase diagram of an itinerant system with disor-
der, lose to the lean quantum ritial point (QCP). Shown
are the lean ritial line (dotted green) and that in the pres-
ene of disorder if non-Ohmi dissipation is ignored (dashed
blue line). In this ase, a Griths phase emerges lose to the
magnetially ordered phase, for α < 1 (purple). When dis-
sipation is present, suiently large droplets freeze already
for α < 2, leading to the formation of the "luster glass" phase
(shaded region), preeding the uniform ordering.
even the dynamis of spatially distant droplets annot
be onsidered as independent. The dynamis of any
droplet is therefore aeted not only by dissipation due
to the ondution eletrons in its viinity, but also by
spin utuations due to RKKY interations with many
other droplets. This eet is espeially important in Grif-
ths phases where droplets are haraterized by power-
law distributions of loal energy sales, with a tunable
dynamial exponent d/z′. In the rest of this letter we
present a self-onsistent theory desribing the dynamis
of interating droplets. Within our theory: (1) dissi-
pation produed by suh spin utuations an aquire a
more singular non-Ohmi form whih an adversely aet
2the dynamis for all symmetry lasses; (2) any Griths
phase is destabilized by this mehanism, leading to the
generi formation of a luster glass phase preeding any
uniform ordering, thus introduing a fundamental modi-
ation of the onventional QCP senario.
Model of interating droplets. To be spei, we on-
entrate on the same regime as explored in Ref. [14℄, and
examine a weakly disordered itinerant antiferromagnet
near a QCP. In the absene of disorder and within the
standard Landau-Ginzburg-Wilson desription, the dis-
tane to the QCP is measured by the oupling onstant
r. When disorder is present, exponentially rare regions
(droplets) an arise whih are nearly magnetially or-
dered. Within the i-th droplet of size Li, the loal value
of the (bare) oupling onstant is assumed to be ri ≪ 0,
while outside the droplets (the bulk) we have a weakly
orrelated metal (ro ≫ 0). As disussed in Ref. [14℄, if
the interations between the droplets are ignored, then
the dynamis of eah droplet is determined only by its
size. After appropriate oarse-graining, suh a droplet is
desribed by an ation of the form
Sdrop[ri, φi] =
∫ β
o
dτdτ ′ φi(τ)Γi(τ − τ
′)φi(τ
′)
+
u
2N
∫ β
o
dτ φ4i (τ). (1)
Here, φi is an N -omponent (N > 1) order parameter
eld desribing the i-th droplet, and Γi(τ) is the oarse-
grained two-point vertex whose Fourier transform is
Γi(ωn) = (ri + |ωn|) . (2)
The loal bare oupling onstant of eah droplet ri ≈
r(Li)
d
reets its size (here r < 0 is the oupling on-
stant of the lean magnet). Large droplets are expo-
nentially rare (probability P (Li) ∼ exp{−ρ(Li)
d}), or-
respondingly P (ri) ∼ exp{−ρri/r}, where ρ is the vol-
ume fration of magneti droplets . Now, eah droplet
maps onto a one-dimensional lassial Heisenberg hain
with 1/τ2 interations and the orresponding energy gap
εi ∼ exp{piri/u} [13, 14℄. The resulting distribution fun-
tion P (εi) ∼ ε
α−1
i , giving rise to standard Griths phase
behavior. The Griths exponent α = d/z′ is a non-
universal funtion of parameters, whih is expeted [14℄
to derease as the magneti ordering is approahed; for
α < 1, the average suseptibility χ ∼ T 1−α diverges as
T → 0.
In ontrast to the situation of Ref. [14℄, when a nite
onentration of droplets is present, they will interat.
The ation desribing the droplet-droplet interation an
be obtained by formally integrating over the order param-
eter utuations of the bulk separating the droplets.
Using the fat that in this region the spin utuations are
only weakly orrelated (ro ≫ 0), we an formally inte-
grate out all the degrees of freedom in the bulk, to obtain
an eetive interation oupling pairs [15℄ of droplets
Sij =
∫ β
o
dτdτ ′ φi(τ)χo(Rij , τ − τ
′)φj(τ
′), (3)
where Rij ≫ Li, Lj is the distane between droplets i
and j. The interation kernel χo(Rij , τ − τ
′) is, in fat,
nothing but the non-loal suseptibility of the weakly
orrelated bulk and as suh an be aurately obtained
from standard Fermi liquid onsiderations (see, e.g., [16℄).
Its detailed form is ompliated and model-dependent,
but for our problem only its long-distane and low fre-
queny omponents are of importane, sine the droplets
are spatially distant and display slow dynamis. We an
thus safely ignore its frequeny dependene and onsider
only its asymptoti form, whih is essentially that of the
RKKY interation
χo(Rij , τ − τ
′) ≈
Jij
(Rij)d
δ(τ − τ ′). (4)
In a disordered metal, impurity sattering introdues
random phase utuations in the usual periodi osilla-
tions of the RKKY interation, whih, however, retains
its power law form (although its average value deays
exponentially [16, 17℄). Hene, suh an interation a-
quires a random amplitude Jij of zero mean and variane
< J2ij >= J
2
[16, 17℄.
Field theory of interating droplets. Beause of the
long-ranged interations, one needs to desribe the ol-
letive dynamis of the entire set of suh droplets. To do
this, we formally average over the random interations
Jij using standard replia methods, and the interation
term takes the form
Sij ≈ −
1
2
J2
(Rij)2d
n∑
a,b=1
∫ β
o
dτdτ ′ φai (τ)φ
b
i (τ
′)φaj (τ)φ
b
j(τ
′),
(5)
where a, b = 1, ..., n (n → 0) are the replia indies.
We then introdue olletive Q-elds by deoupling Sij
through a Hubbard-Stratonovih transformation to write
the repliated partition funtion as
Zn =
∫
DφDQ exp{−Seff [φ,Q]}, (6)
where the eetive ation
Seff [φ,Q] =
1
2
n∑
a,b=1
∑
ij,ωn
Qabi (ωn)
J2
(Rij)2d
Qabj (ωn)
+
∑
i
{Sdrop[ri, φi] + SMC [φi, Q]} , (7)
and the mode-oupling term
SMC [φi, Q] =
n∑
a,b=1
∑
j,ωn
φai (ωn)φ
b
i (ωn)
J2
(Rij)2d
Qabj (ωn).
(8)
3Saddle point theory. Sine the droplets are exponen-
tially rare, their interations are also very small. To
desribe the leading order orretions it is suient to
evaluate the Q-elds at the saddle point level and the
mode-oupling term assumes the form
SMC [φi,∆] = −
n∑
a,b=1
∑
ωn
φai (ωn)∆
ab(ωn)φ
b
i (ωn), (9)
with the avity eld ∆ab(ωn) satisfying the following
self-onsisteny ondition
∆ab(ωn) =
∑
i
J2
(Rij)2d
〈
φai (ωn)φ
b
i (ωn)
〉
i
, (10)
where the expetation value is evaluated with respet
to the loal eetive ation Sloc[ri, φi] = Sdrop[ri, φi] +
SMC [φi,∆]. If all the droplets were the same, this set of
equations would be idential to those desribing a metal-
li quantum spin glass [18℄. For interations J suiently
large, suh a model would feature a onventional quan-
tum ritial point, where spin-glass ordering would set in
at T = 0. A ruial new feature in our model is a broad
power-law distribution P (ε) ∼ εα−1 of loal energy sales
haraterizing the droplets in a Griths phase, whih
produes non-Fermi liquid behavior for α < 1. We will
see, however, that already for α < 2, qualitatively new
dynamis emerges, ompletely hanging the ritial be-
havior of the model.
Instability of the Griths phase. Assuming that
all droplets are well separated, the average interation
strength is very small. If we ould ignore the utuations
in the droplet sizes, the system would be far from any or-
dering. We thus onentrate on the paramagneti phase
of our model, where
〈
φai (ωn)φ
b
i (ωn)
〉
i
= δabχloc(εi, ωn).
Sine the droplet sizes (i.e. their loal energy sales εi)
are independent of their position, we nd
∆ab(ωn) = g˜δab χloc(ωn) = g˜δαb
∫
dεiP (εi)χloc(εi, ωn),
(11)
where the RKKY oupling onstant g˜ =
J2
∑
i(Rij)
−2d ∼ nJ2, where n is the density of
droplets per unit volume.
The memory kernel χloc(ωn) desribes additional dis-
sipation aused by spin utuations resulting from long-
ranged RKKY interations between the droplets. Its
quantitative form is obtained by self-onsistently solving
the dynamis of eah droplet in suh a dissipative bath
and then arrying out the appropriate averaging proe-
dure. In this letter, however, we limit our attention to
demonstrating the instability of the Griths phase with
respet to adding the RKKY interations. To do this,
begin with g˜ = 0 and imagine turning on innitesimal
RKKY interations. To leading order, we replae
χloc(g˜, ωn) ≈ χloc(0, ωn) ∼
∫
dεiε
α−1
i [εi + |ωn|]
−1
= χloc(0)− γ˜|ωn|
1−εo +O(|ωn|), (12)
where the εo = 2 − α, and γ˜ is a onstant. Note that
the dissipation aquires a non-Ohmi form for α < 2.
As antiipated in Ref. [13℄, suh non-Ohmi dissipation
immediately hanges the dynamis of the droplets. For
εo > 0, the Heisenberg hain [19℄ that represents the
droplet dynamis (whose interations deay with a power
slower than r−2) nds itself above its lower ritial dimen-
sion! Aordingly, suiently large droplets (L > Lc(εo))
freeze, i.e. behave as lassial (superparamagneti) ob-
jets.
Cluster glass phase. As soon as some of the droplets
freeze, they immediately order at a nite (albeit exponen-
tially low) temperature, forming a luster glass phase.
To estimate the ordering temperature, we rst need to
determine the ritial droplet size, given the anomalous
dissipation exponent εo. For small values of εo, the orre-
sponding ritial exponents have been alulated [19℄ us-
ing an ε-expansion approah. For our purposes, it sues
to determine the transition temperature of the equiv-
alent Heisenberg hain. This task is adequately aom-
plished using the large-N approah. The orresponding
T = 0 self-onsisteny ondition for the ritial oupling
onstant reads (Λ is an ultraviolet uto)
ri,c = −u
∫ Λ
0
dω
pi
1
ω + γω1−εo
, (13)
where γ = g˜γ˜. Note that for εo → 0 or γ → 0, the inte-
gral diverges in the infrared, indiating that ri,c → −∞,
i.e. that Li,c → +∞. For εo > 0, however, the term
γω1−εo introdues a soft uto regularizing the inte-
gral. This term dominates below a rossover frequeny
ω∗(ε0) = γ
1/εo
, yielding
ri,c(εo) = −
u
piεo
ln (1/γ) . (14)
The resulting onentration of frozen droplets is
nfr(εo) ∼ exp{−ρri,c(εo)/r}. These frozen droplets
produe a superparamagneti ontribution to the av-
erage suseptibility, proportional to their onentration
δχfr ∼ nfr(εo)/T. The ordering temperature an be im-
mediately estimated using arguments similar to those of
Ref. [13℄. In partiular, the RKKY interation between
droplets falls o as J(Rij) ∼ R
−d
ij [20℄, where the typial
distane between droplets Rij ∼ [nfr(εo)]
−1/d
, and we
obtain a simple exponential [21℄ dependene of Tc on the
dissipation exponent εo
Tc(εo) ∼ nfr(εo) ∼ exp
{
−
ρu
pi |r| εo
ln (1/γ)
}
. (15)
4Note that, within our model, the fration of frozen
droplets whih magnetially order vanishes at a nite
value of the oupling onstant, produing a sharp phase
transition from a quantum paramagnet to a luster glass
phase. In ontrast to the innite randomness xed point
(IRFP) senario [2, 7, 9℄, this transition does not have
any perolation-like features. In the itinerant ase we
onsider, even very distant droplets will order as soon
as they freeze, beause they interat through long-ranged
RKKY interations. In this ase, perolation proesses
[7, 9℄ assoiated with the IRFP senario are not possi-
ble, suggesting that our phase transition is qualitatively
dierent from those disussed in previous work.
We onlude that the standard QCP senario is thus
qualitatively modied by the dissipative eets, sine an
intermediate luster glass phase generially emerges be-
tween the quantum disordered and any magnetially or-
dered phase in itinerant systems. It is easy to see that our
onlusions also apply to models with arbitrary symme-
try of the order parameter, sine they all nd themselves
eetively above their lower ritial dimension [13℄ due
to the presene of non-Ohmi dissipation.
We should emphasize that our nite temperature or-
dering emerges over the entire region (α = d/z′ < 1)
where the Griths anomalies arise in the absene of
RKKY interations (see Fig. 1). Finite temperature or-
dering persists even further (until α = d/z′ = 2), but
not all the way to the lean model ritial point (or-
responding to α = d/z′ → +∞ aording to the large-
N estimates of Ref. [14℄). Of ourse, sine the droplets
are diluted, the magnitude of the non-Ohmi dissipa-
tion produed by the RKKY interations is expeted to
be onsiderably smaller then the standard Ohmi dis-
sipation due to Landau damping. As a result, the ef-
fets of non-Ohmi dissipation that we predit should be
seen only at fairly low temperatures T < T ∗ ∼ ω∗ =
exp{− ln (1/γ) /εo}, while the Griths phase behavior
predited by Ref. [14℄ should be observable in a broad
interval above this temperature. Note that for ρu > pi|r|
(see Eq. 15), Tc << T
∗
for εo << 1, so there ex-
ists an appreiable temperature window where the the
superparamagneti ontribution δχfr ∼ 1/T of frozen
droplets should be observable. Otherwise Tc ≈ T
∗
, and
the Vojta-Shmalian Griths phase should emerge im-
mediately above the ordering temperature. This se-
nario, valid for models with ontinuous symmetry of the
order parameter, should be ontrasted to that expeted
for the Ising universality lass. In that speial ase, muh
stronger Ohmi dissipation is suient to suppress the
low temperature Griths anomalies. For the Ising ase,
the existene of an intermediate temperature range where
they would still be observable [11℄ remains the subjet of
some ontroversy [22℄.
In summary, we have established that the long-ranged
part of the RKKY interation between the droplets rep-
resents a singular perturbation within Griths phases.
Even when treated to leading order, the RKKY inter-
ations qualitatively modify the droplet dynamis, lead-
ing to droplet freezing and suppression of onventional
quantum ritial behavior. Our arguments strongly sug-
gest that the intervening luster glass phase arises as a
generi phenomenon [23℄ for itinerant systems with disor-
der. This mehanism is, however, spei to those quan-
tum ritial points assoiated with spontaneous symme-
try breaking of a stati order parameter. It would be
very interesting to investigate if similar senarios apply
for other quantum ritial points, suh as the disorder-
driven metal-insulator transition [24℄ and the assoiated
eletroni Griths phases [10, 24℄. This fasinating di-
retion remains a hallenge for future work.
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